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We report the trapping of two metalloradical intermediates corresponding to the transitions S2 to S3
and S3 to S0 of the oxygen evolving complex (OEC) of Photosystem II (PSII), in preparations contain-
ing methanol, at temperatures near that of half inhibition of the respective S-state transitions. The
ﬁrst intermediate, with an EPR width of 160 G, is assigned to S2Y

Z , based on its similarity to the one
previously characterized after trapping at 10 K. The second with a splitting of 80 G is tentatively
assigned to S3Y

Z . The S3Y

Z EPR signal is weaker than the S2Y

Z one, and both are stable at cryogenic
temperatures.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction spectroscopy, including the S0Y

Z , S1Y

Z , S2Y

Z and variants of themPhotosystem II (PSII) couples the light-induced charge separa-
tion to the splitting of water. The catalytic site of water oxidation,
called Oxygen Evolving Complex (OEC) undergoes periodically four
one-electron oxidation steps, S0–S1,. . ., S3–(S4)S0. The oxidizing
equivalents are stored at/or in the immediate vicinity of a Mn4Ca
cluster, the site of water oxidation. Oxygen evolves during the S3
to (S4)S0 transition, the S4 being a transient state [1,2] and
references therein. The transitions S0–S1, S2–S3 and S3–S0 have
half-inhibition temperatures of 230 K [3,4], while the S1 to S2
transition proceeds at temperatures as low as 135–140 K [3,4] or
even lower [5 and our unpublished observations]. Tyrosine Z (TyrZ)
of Photosystem II mediates electron transfer between the primary
electron donor in PSII (P680), a specialized chlorophyll (chl) moiety,
and the Mn4CaO5 cluster during the S-state transitions of the OEC
in a proton-coupled reaction.
Trapping of the Mn-TyrZ metalloradical intermediates has been
at the focus of considerable interest in recent years. Various
intermediates have been identiﬁed and characterized by EPRobtained after treatments that alter the electronic conﬁguration
of the OEC but preserve the oxygen evolution (addition of a few
percent (v/v) methanol, replacement of Ca with Sr) [5–11]. These
signals are produced by direct visible-light illumination at liquid
helium temperatures [5–11] with the exception of the S2Y

Z in
the untreated sample, which is trapped by visible-light illumina-
tion at 77–190 K [9]. The notable missing metalloradical interme-
diate is that of the S3 to S0 transition. The notion of removal of
protons and electrons from the Mn cluster, in an alternate fashion
at each S-state transition, formed the basis of an extended S-state
cycle proposed in [12]. Based on experimental evidence obtained
at ambient temperatures, and with respect to the S2 to S3 and S3
to S0 state transitions, formation of Y

Z results in proton expulsion
from the cluster (or close to it), with a s of about 30 ls in the for-
mer transition [13] and about 200 ls in the latter transition [14].
This is followed by the electron transfer step from the cluster to
the Y Z radical, which concludes both transitions. The reaction rates,
activation energies and kinetic isotope effects (KIEs) have been ob-
tained for the proton and electron transfer steps of both transitions
([13], see [15] for the activation energy of S3 to S0 state transition).
The time-resolved room temperature EPR spectrum of S3Tyr

Z
was recently reported in PSII preparations from Thermosynechococ-
cus elongatus in which the D1 subunit was coded for by genes psbA2
and psbA3 (under normal laboratory conditions the psbA1 gene is
expressed). It was shown that the Tyr Z spectrum from PsbA3-PSII
was very similar to that of Tyr D, while that from PsbA2-PSII was
somewhat different. [16].
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intermediates. These have been discussed in [17] and reﬁned in
subsequent studies [18]. While all intermediates can be trapped
at temperatures well below the half-inhibition temperature for
the respective transitions, induction of the S3Y

Z intermediate
requires presumably temperatures above the half inhibition
temperature for the S3 to S0 transition.
In this paper we investigated the possibility of trapping the
S2Y

Z and S3Y

Z intermediates at temperatures near and above the
half inhibition temperature for the S2 to S3 and S3 to S0 transitions
which is 230 K [3,4]. Preliminary evidence for the trapping of the
former intermediate in untreated samples at these elevated tem-
peratures has already been published [19]. We restrict the present
investigation to methanol containing samples, as the presence of
3–5% methanol appears to enhance the efﬁciency of trapping the
respective intermediates.
It is found that visible-light illumination of the S2. . .QA state at
233 K results in a 160 G wide signal, which we assign to the S2Y

Z
metalloradical intermediate, based on its similarity to the one pro-
duced by direct illumination at liquid helium temperatures [9].
Furthermore, visible-light illumination of the S3. . .QA state at
250 K results in the formation of a new EPR signal with a splitting
of 80 G, which we attribute to the S3Y

Z metalloradical intermedi-
ate. The latter signal is weaker than the former and both are nota-
bly stable at cryogenic temperatures.
2. Materials and methods
2.1. PSII sample isolation
PSII-enriched thylakoid membranes were isolated from spinach
[20,21]. Samples for EPR measurements were suspended in 0.4 M
sucrose, 15 mM NaCl, 40 mM 2-[N-morpholineethanesulfonic acid]
(MES), pH 6.5, at about 6–8 mg chl/mL and stored in liquid nitrogen.
Methanol 5% (v/v) was added to all samples. All samples prior to the
EPR experiments were given a pre-ﬂash at 10 C and were subse-
quently dark adapted for 40 min at 0–4 C. This poised all centers to
the S1 state. The samples were subsequently supplemented with
1 mM of an exogenous electron acceptor, either di-chloro-p-benzo-
quinone (DCBQ), or Phenyl-p-benzoquinone (PpBQ), [22,23].
2.2. Illumination conditions
A studio photographic ﬂash unit, Elinchrom Style RX 1200, with
variable ﬂash power up to 1200Ws, and pulse duration (half width
at half height) of 1–2 ms was used for ﬂash excitation of the sam-
ples. At temperatures below 273 K double hits occur with low fre-
quency, but misses are increased and thus ﬂashes with long
duration are needed. In this manner, the S-state cycle can proceed
efﬁciently and good oscillation patterns are obtained [19]. The unit
was equipped with a ﬂexible ﬁber light extension for illumination
inside the cavity. The S2 state was produced typically by single
ﬂash illumination of the S1 state at temperatures in the range
230–250 K. The S3 state was formed by ﬂash illumination of the
S2 state at 253 K. For the trapping of the metalloradical intermedi-
ates, samples in the S2 or S3 states were ﬂash-excited at the appro-
priate temperatures, and within 0.5–1 s, transferred to liquid
nitrogen, and from there into the EPR cryostat at 10 K. Formation
of the intermediates at 10 K was done by excitation with 3 ﬂashes
spaced by 2 s.
2.3. EPR measurements
EPR measurements were obtained with an extensively
upgraded former Bruker ER-200D spectrometer interfaced to apersonal computer and equipped with an Oxford ESR 900 cryostat,
an Anritsu MF76A frequency counter, a Bruker 035 M NMR gauss-
meter and a SR830 digital lock-in ampliﬁer by Stanford Research.
The perpendicular 4102ST cavity was used and the microwave fre-
quency was 9.41 GHz. For the approximate spin quantiﬁcation, the
doubly-integrated intensity of the present signals was compared to
the doubly-integrated intensity of the multiline signal of the S2
state. Comparison was also made with the maximum size of the
Y D signal.
3. Results and discussion
3.1. The S2 to S3 state metalloradical intermediate
In a recent investigation of transient changes occurring in the S2
state EPR signals, during advancement to S3 state, it was found that
the S2Y

Z intermediate could be trapped at 223 K [19], albeit at a
smaller intensity compared to the same intermediate trapped in
the range 77–190 K. We examined the possibility of trapping this
intermediate in methanol containing samples.
The presence of few percent methanol, which does not inhibit
O2 evolution [24], induces a homogeneous conformation of the S2
state [25], and probably slows down the EPR transitions.
Panel (A) of Fig. 1 shows the changes in the S2. . .QA state signal
(trace a) after ﬂash illumination at 233 K followed by rapid cooling
to 10 K (trace b). The temperature of 233 K is at the lower end of
the threshold for the S2 to S3 state transition in 5% MeOH contain-
ing samples. Therefore the efﬁciency of S3 state formation is very
low. From the difference spectrum (b)–(a) of panel (A) we observe
that a prominent split signal is trapped and it is accompanied by a
small decrease in the intensity of the multiline signal. The changes
are reversed by 3 min incubation at 233 K in the dark (trace c). The
small reversible decrease of the multiline signal in spectrum (b) is
attributed to the magnetic interaction of TyrZ  with Mn, which
presumably broadens the Mn spectrum in the fraction of centers,
where TyrZ  is formed [9]. A higher resolution recording of the
split signal is shown in panel (B) (continuous trace) overlaid on
the S2Y

Z signal (dashed trace) formed by ﬂash illumination at
10 K [9]. The two signals are practically identical apart from small
differences in the g  2 region, which cannot be evaluated at pres-
ent. Both signals show very little saturation at the highest micro-
wave power used, 200 mW, a fact that is compatible with their
metalloradical character. Double integration of the S2Y

Z signal
trapped at elevated temperatures indicates that 18–25% of centers
can be trapped in this metalloradical state. This is 4–5 times larger
than the size of the signal trapped at cryogenic temperatures.
We reported that the S2Y

Z in control samples could only be pro-
duced by illumination at temperatures higher than 77 K [9]. This
was attributed to an energy barrier likely concerning proton trans-
location from TyrZ to His190 (and from there also to Asn298) [26].
The presence of methanol probably affects this barrier, but forma-
tion of S2Y

Z in this case shows a complicated temperature proﬁle
(which will be examined in a separate study). A high activation en-
ergy of 0.46 eV (with KIE of 5.7) was reported for proton expulsion
from the cluster to the lumen, caused by the formation of S2Y

Z at
room temperature [13]; these authors argued that this proton re-
moval step likely occurs via a path originating from TyrZ-His190.
3.2. The S3 to S0 state metalloradical intermediate
We have argued earlier that production of the S3Y

Z intermedi-
ate is inhibited below the onset of the S3 to S0 transition [17].
The only option is the trapping of the intermediate at or above
the onset of this transition. There are however difﬁculties in
detecting this intermediate by EPR spectroscopy. The S3 state has
Fig. 1. Trapping of the S2Y

Z intermediate at 233 K in a sample containing 5% (v/v) methanol. Panel (A): trace (a) depicts the spectrum of the S2 state, and changes resulting
after ﬂash illumination at 233 K followed by rapid cooling to 10 K, shown in trace (b), and subsequent annealing at 233 K for 3 min shown in trace (c). The spectrum of the
initial dark adapted S1 state was subtracted from all spectra shown. Additional traces, as labelled. Panel (B): higher resolution recording of the difference spectrum (b) – (a) of
panel (A) (continuous trace) and comparison with the S2Y

Z signal induced by ﬂash illumination at 10 K (dashed trace). The latter spectrum was multiplied by a factor of 3. EPR
conditions: Temperature 10 K, microwave frequency 9.42 GHz, microwave power 32 mW (Panel A) and 100 mW (Panel B), modulation amplitude 25 G.
G. Zahariou et al. / FEBS Letters 588 (2014) 1827–1831 1829a ground-state spin of 3 with a zero-ﬁeld splitting of the same or-
der of magnitude with the Zeeman splitting of the levels [27,28].
Assuming that the spin conﬁguration of the Mn cluster does not
change signiﬁcantly during formation of the S3Y

Z intermediate,
the interaction between the S = 3 of Mn4 and the S = 1/2 of the TyrZ
would lead to a multitude of EPR transitions over a fairly broad
range around g  2 (see Supporting information). This would result
in weaker signal intensities as compared to the S2Y

Z and S0Y

Z
intermediates, where both interacting spins are S = 1/2.
We examined the possibility of formation of this intermediate
near the onset of the S3 to S0 transition in 5% (v/v) methanol con-
taining samples. Fig. 2(a) of panel (A) shows the S2. . .QA state char-
acterized by the multiline signal [24], which is diminished after
ﬂash illumination at 253 K, owing to the advancement to the
S3. . .QA state (Fig. 2(b)). Fig. 2(c) of panel (A) shows the effect of
subsequent ﬂash illumination at 249 K followed by rapid cooling
at 10 K. A further small decrease in the intensity of the multiline
signal is observed due to further advancement from the S2 to S3
state. Presumably, a small fraction of centers in S3 state also ad-
vanced to S0 state in this step. Additionally, changes are observedFig. 2. Trapping of a new intermediate during the S3 to S0 state transition in samples cont
the S3 state by a ﬂash of light at 253 K, (c) subsequent ﬂash illumination at 249 K followed
of the dark S1 state was subtracted from all spectra shown. Additional trace as labelled. P
(continuous trace) and comparison with the S2Y

Z signal (dashed trace). The dashed trace
microwave frequency 9.42 GHz, microwave power 32 mW (Panel A) and 100 mW (Panenear the g = 2 region. Subsequent 5 min incubation at 253 K in
the dark (trace d) does not alter the size of the multiline signal,
but eliminates the changes around g = 2. The difference spectrum
(c)–(d) of panel (A) indicates the formation of a narrow split signal
by the illumination in (c). The split signal is recorded under higher
resolution conditions in panel (B) (continuous trace) and is com-
pared with the S2Y

Z spectrum (dashed trace). The latter was
trapped by ﬂash illumination at 233 K of a separate methanol con-
taining sample prepared in the S2. . .QA state.
No evidence of the S2Y

Z intermediate is present in trace (c)–(d)
of Fig. 2. This is due to the intentional choice of a higher tempera-
ture of illumination in Fig. 2, 249 K compared to 233 K in the
experiment of Fig. 1. At this higher temperature S2Y

Z is too
short-lived to be trapped by the present protocol. Since, however,
the S3 to S0 state transition is the slowest among the S-state
transitions, it was hoped that the S3Y

Z would have survived the
trapping procedure.
The new signal tentatively assigned to S3Y

Z has a typical
split pattern with a width of 80 G, which is clearly different
from the S2Y

Z signal (160 G). Preliminary experiments of theaining 5% (v/v) methanol. Panel (A): (a) spectrum of the S2 state, (b) advancement to
by rapid cooling to 10 K and (d) subsequent 5 min annealing at 253 K. The spectrum
anel (B): higher resolution recording of the difference spectrum (c)–(d) of Panel (A)
is the same as in panel B of ﬁgure, divided by 9. EPR conditions: Temperature 10 K,
l B), modulation amplitude 25 G.
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ily at high microwave powers like all other metalloradical interme-
diates. No simple estimate of the fraction of centers contributing to
the S3Y

Z can be made, for the reasons explained in the beginning of
the section.
An activation energy of 0.15 eV [15] (with KIE of 2.4 [13]) was
reported for proton expulsion caused by the formation of S3Y

Z at
room temperature; due to the different activation energy and KIE
between this and the S2 to S3 state transition, it was argued that
the proton expulsion reaction path involved Asp61 [13], and this
may explain why we can only trap S3Y

Z at temperatures near that
of half inhibition of the S-state transition.
In order to test whether the new signal represents indeed an S3
to S0 state intermediate, a sample prepared in the S3. . .QA state
(trace (a) in Fig. 3) was ﬂash-illuminated at 250 K followed by ra-
pid cooling to 10 K (Fig. 3(b)), and subsequent warming to 255 K
(Fig. 3(c)). The S0Y

Z signal, an indirect measure of the abundance
of the S0 state, was measured during each step. It is evident, that
the S0Y

Z signal is of similar size in steps (a) and (b) but becomes
signiﬁcantly intenser upon annealing at 255 K, step (c). It is pro-
posed that the S3Y

Z intermediate, which was trapped in step (b),
advanced to the S0 state at the annealing step (c). This strengthens
the assignment of the new signal to S3Y

Z intermediate.
3.3. Stability of the metalloradical signals
A notable property of both trapped signals is their extended
stability at liquid helium temperatures, which is in the hours time-
scale (data not shown) compared to few min for the metalloradical
intermediates trapped by illumination at cryogenic temperatures.
The most likely explanation for this property is the following. At
temperatures lower than ca. 220–235 K the electron transfer from
QA to QB is inhibited [29]. Therefore when Y

Z is produced atFig. 3. Formation of the S0Y

Z metalloradical by illumination at 10 K, in samples
containing 5% (v/v) methanol. Trace (a) depicts the content in S0Y

Z radical of a
sample prepared in the S3. . .QA state. Trace (b) shows the change in S0Y

Z following
ﬂash illumination of (a) at 250 K and rapid cooling at 10 K. Trace (c) shows the
change in S0Y

Z after subsequent warming of (b) at 255 K for 1 min. The S0Y

Z
spectrum was computed by recording the trace obtained by illumination of the
respective state at 10 K, and subtracting the trace obtained after subsequent dark
adaptation at 10 K for 15 min. EPR conditions: Temperature 10 K, microwave
frequency 9.42 GHz, microwave power 100 mW, modulation amplitude 25 G.cryogenic temperatures, it decays mainly by charge recombination
with QA , presumably via oxidation of P680. Reduction of P
þ
680 by
auxiliary donors such as car, or chl or cytb559 is probably a much
slower process. As the Pþ680=Q

A recombination is very fast, the rate
of decay of Tyr Z is determined by the difference in redox potential
between the couples Y Z /YZ and P
þ
680=P680. At temperatures higher
than about 235 K secondary electron transfer from QA to QB is
thermally activated, and the rate limiting step is Pþ680=Q

B recombi-
nation, which is presumably inactivated at cryogenic tempera-
tures, particularly when QB is replaced, as in the present case,
with exogenous quinones.
3.4. Concluding remarks
In this report we present evidence for the trapping of the S2Y

Z
and S3Y

Z metalloradical intermediates in PSII preparations
containing methanol, at temperatures close to the half inhibition
temperature of the S state transitions. The trapping of both metal-
loradicals at such high temperatures is an important result, since
until recently it was thought that the metalloradical intermediates
could only be trapped at temperatures well below the onset of the
S-state transitions [5–11]. Moreover, the trapping of intermediates
during the S-state transitions, likely indicates that they represent
structures relevant to mechanistic events which occur at ambient
temperatures. Towards this end, it was previously reported in an
X-ray absorption study that the structural and electronic features
of the Mn-complex in all oxidation states of the OEC are tempera-
ture-independent [30]. Thus, our ﬁndings will further contribute to
the understanding of the role of TyrZ to the water splitting
reactions.
What has come as a surprise is the high abundance of the S2 to
S3 state intermediate trapped at this elevated temperature – much
higher than all other intermediates trapped by our methods so far.
The reason is not clear but may have to do with a possible slowing
down by methanol of both the forward (oxidation of the Mn cluster
by Y Z ) and the recombination reaction. Both effects could be ac-
counted for by a likely reduction in the redox potential of tyr Z
by methanol. The trapping of the S2Y

Z intermediate at tempera-
tures near the half inhibition temperature of the S2 to S3 state tran-
sition has served as a test case in our effort to detect the S3Y

Z
intermediate, which has escaped trapping so far. The method has
allowed for the trapping of a new narrow metalloradical signal,
which by all present evidence is attributed to the S3Y

Z intermedi-
ate. If our assignment is proven correct in future investigations,
this will give us an EPR handle to study the most critical of the
S-state intermediates. A notable observation is that the S2Y

Z inter-
mediate EPR signal is much intenser than the S3Y

Z one. Our theo-
retical analysis, focused on two interacting spins for both
metalloradical intermediates, shows that the above observation
is expected. An interesting property of both intermediates is their
extended stability at liquid helium temperatures. This property
offers a signiﬁcant advantage for future systematic studies using
advanced EPR techniques.
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